Abstract: Free-space optical two-way time and frequency transfer (O-TWTFT) has shown higher precision than microwave-band transfer methods and more flexibility compared to fiberbased techniques. Here we propose a free-space O-TWTFT system using flexible binary offset carrier modulation. The alternative method, compared with the BPSK-based O-TWTFT in [Optica 5, 1542[Optica 5, (2018], is totally compatible with the microwave satellite transfer equipment, and further reduces at least 95% occupied bandwidth to allow for expanding access capacity. We demonstrated time and frequency transfer between two sites separated by an outdoor path of 30 m with our home-built system. During a 15-hour transfer, the fractional frequency instability exhibits 4.0×10 -12 at a gate time of 1 s, and approaches to 2.6×10 -15 at 10000 s. The time deviation is 2.3 ps in a 1-s averaging time, and averages down to 1.0 ps until ~60 s. The method could be applicable to near-future ground-to-satellite/inter-satellite clock networks and outdoor timing services.
Introduction
Nowadays, positioning, navigation and timing (PNT) capabilities and technologies have been promoting rapid developments in diverse fields, such as civilian activity, financial trade, transportation management, electric power dispatch, logistics, etc. Among these technologies, timing service lays a solid foundation of the others. In recent years, the performance of optical atomic clock has been endlessly updated and achieves an unprecedented instability and accuracy at a level of 10 -18 , which exceedingly satisfies the aforementioned applications [2, 3] . Therefore, time and frequency transfer becomes the bottleneck of timing service.
Conventional methods of time and frequency transfer are based on free-space microwave telecommunication through geostationary (GEO) telecommunication satellites, typically referred to as two-way satellite time and frequency transfer (TWSTFT) , and global navigation satellite systems (GNSS) [4] . By simultaneously sending and receiving microwave signals between a pair of exchange stations through an intermediate GEO satellite, common effect in one-way path could be almost cancelled out. This facilitates the time transfer instability to reach a few parts in 10 11 in 1 s [5] . The GNSS method is more simple to operate, but at the cost of poor instantaneity and lower stability [6, 7] .
More precision methods have been explored in optical domain, where supports better accuracy, higher stability and boarder bandwidth. Although fiber networks could realize time transfer via microwave modulation between time-keeping laboratories [8] and frequency transfer via fiber noise cancellation between remote state-of-the-art narrow-linewidth lasers [9] [10] [11] . Less flexibility and costlier establishment are the drawbacks compared to free-space approaches. Analogue to fiber noise cancellation, free-space phase compensations over ~100 m distances, in either comb-based frequency transfer [12] [13] [14] or optical-carrier-based frequency transfer [15, 16] , have resulted in an instability better than 1×10 -13 in 1 s. The inherent lack of time information restricts timing service. Recently, comb-based optical two-way time and frequency transfer (O-TWTFT) over a 2-km free-space link has demonstrated femtosecond level synchronization via time-of-flight method [17] [18] [19] [20] , and further achieved attosecond level transfer with carrier phase method, at which is capable to frequency comparison between optical atomic clocks without fiber link [21] . Nevertheless, the high precision is not always required in general applications. Free-space O-TWTFT with digital coherent communication has reached sub-picosecond timing precision across a 4-km turbulent range [1] . Besides, several ground-to-satellite projects, such as time transfer by laser link (T2L2) and European laser timing (ELT), have realized picosecond level transfer [22, 23] .
Here we propose an alternative picosecond-level free-space O-TWTFT using flexible binary offset carrier (FlexBOC) modulation based on spread-spectrum microwave satellite technique, thus is completely compatible with practical TWSTFT systems. The adoption of FlexBOC modulation reduces at least 95 % occupied bandwidth compared to binary phaseshift keyed (BPSK) modulation [1], but yields comparative precision due to comprehensive analysis between the code and sub-carrier in FlexBOC signal. Moreover, the time interval measurement avoids a continuous link that may be routinely broken by physical obstructions. Figure. 1(a) shows the free-space O-TWTFT layout based on FlexBOC modulation. Sites A and B are co-located but not necessarily to share the identical Rubidium frequency standard for the convenience of verification. Each FlexBOC transceiver fulfills both pseudo ranging and data interaction in full duplex mode, such that the encoded C-band continuous-wave laser lights are simultaneously transferred across a 30-m free-space outdoor path in both directions. The reciprocity of the atmosphere is fully exploited to suppress the routine environmental turbulence along the traversing path [24] . ) illustrates the schematic of the transceiver and the modem is described in Ref. [25] . Individual diode lasers emit 4-mW optical carriers at ~1550 nm and are capable to current modulation with a broad bandwidth up to ~3 GHz. The encoded optical carriers according to the FlexBOC signal generated by the modem are collimated at local site, and reciprocally transmitted to the opposite site in free space. To enhance the reciprocity of the link, the differential length variations of fiber-coupled circulators are minished by passive temperature control. The received light is decoded by digital phase-lock loops for pseudo range measurement and data extraction. The host computer records one-way pseudo range along both directions and calculates clock time difference every second. Figure 1 (c) exhibits the snapshot of the experimental setup.
Experimental Setup
Within the transmitter of the modem, the generated FlexBOC signal contains four components. A 70-MHz intermediate frequency (IF) signal is synthesized to shift the modulation from the optical carrier. A 10-MHz sub-carrier is added for fine pseudo ranging. A unique pseudorandom noise (PN) code is used for coarse pseudo ranging and transceiver identification as well. One PN code sequence contains 125 chips with 8 μs chip duration (125 kHz chip rate). Therefore, PN code sequences regenerate every 1 ms and enables clock time difference measurement at a maximum rate of 1 kHz. Pseudo range including other interactive data are combined as digital codes for date exchange between individual sites. The four signal components are mixed together in time domain, and then used to modulate the driving current of high-speed diode laser. In the receiver of the modem, both time interval measurement with autocorrelation and carrier phase analysis are utilized in order to realize local pseudo ranging. The methodology is interpreted in Fig. 2 . The autocorrelation of the FlexBOC signal is a center-burst with inner carrier. The triangular envelop is generated by the PN codes, while the inner carrier is from the fundamental component of the square sub-carrier. Practically, resolving and tracking the autocorrelation signal significantly burdens computational overhead, and complicates processing algorithm. Instead, we plant three digital phase-lock loops to extract the signal components in turns, i.e., the 70-MHz IF carrier, 10-MHz square sub-carrier, PN code and interactive data. Then, the PN code and sub-carrier are separately resolved and tracked in parallel. The autocorrelation-based time interval measurement of the PN code provides a ~10-ns precision for coarse pseudo ranging, which is below the sampling period of 17 ns, while the phase analysis of the sub-carrier could further enhance to picosecond-level precision. Eventually, the clock time difference is found in the host computer every second with local pseudo range and remote pseudo range translated from the interactive data. Note that the sub-carrier is generated as a square waveform in a digital way, which inherits the conventional BOC scheme [26] . Nevertheless, the high-order harmonics (the remaining fundamental wave for the phase analysis) are filtered out in the processing with a benefit of dramatically releasing the occupied bandwidth in one link configuration. The typical bandwidth of the sub-carrier principal lobe is 500 kHz, which owns 2.5 % bandwidth between the two subcarrier peaks, as depicted in Fig. 3 . When compared to BPSK modulation, i.e., 10 MHz chip rate [1], this method also provides a bandwidth release at least 95 %. Meanwhile, the frequency of sub-carrier is capable to agile configuration. The improved design could hold a highly efficient multi-link expandability, but also increase the applicability when the bandwidth resource of a satellite is in high duty and dense assignment. Figure 3 exhibits typical RF spectra of the FlexBOC signals in the modem. Although there is a ~40-dB loss between the transmitter and receiver, picosecond-level transfer still maintained for a long period. Actually, even if the received FlexBOC signal was submerged in the noise floor, it could be extracted due to the autocorrelation procession in the signal recovery of spread-spectrum communication. Hence we estimate the minimum output power of the transmitter to be around -40 dBm over a 30-m link. 
Results
Over a 30-m outdoor link, the time delay drifts of forward and backward pseudo range are depicted in Fig.4(a) and 4(b) , respectively, and in a high agreement with ambient temperature variation during a 15-hour transfer. Small asymmetry of the both drifts was probably caused by differential time delays of fibers, cables and temperature-sensitive devices. Because of environmental turbulence across the free-space link, the peak-to-peak drifts were ~170 ps. According to two-way transfer methodology, this environmental effect could be cancelled out in the assumption of the reciprocity of atmosphere. The clock time difference is shown in Fig.4(c) . The peak-to-peak value was reduced to 95 ps. Due to the aforementioned differential time delays, the clock time difference still changed following the temperature variation. The carrier-to-noise ratios were simultaneously recorded and shown in Fig. 4(d) . Their variations also coincided with the temperature change. We next analyze the performance metrics in terms of Allan deviations in both time and frequency viewpoints.
The fractional frequency instability is given by the modified Allan deviation and exhibited in Fig. 5(a) for the data in Fig. 4(b) . It reaches 4.0×10 -12 at a gate time of 1 s, which is very closed to the performance of the frequency reference, and averages down as τ -1 until ~60 s. At 10000 s, the frequency transfer instability approaches to 2.6×10 -15 . The time transfer stability is shown in Fig. 5(b) for the same data in Fig. 5(a) . The time deviation within a 1-s averaging time is 2. RBW: 300 kHz VBW: 300 kHz Transmitter limit [27] . It is clear to see that the time deviation above 60 s slows down the falling slope of frequency transfer instability. We could almost attribute the time deviation drift in a longer measurement interval to the differential time delays, which could be reduced by tighter temperature control of the fibers, cables and transceivers. 
Outlooks and discussion
In general, we have already demonstrated our alternative free-space optical two-way time and frequency transfer method via FlexBOC modulation. As other two-way time and frequency transfer techniques, our method also basically relied on the reciprocity of the link. The factors of the reciprocity have been clearly explained in several literatures [1, 28] , and are valid in our method as well. Here we briefly discuss the other performance limits, and illuminate some improvements in future.
In the current demonstration, we utilized an external Rubidium frequency standard as the common reference. The synthetic signals output from the transmitter and the test units in the receiver inherit the performance of the frequency standard. Right now, the time and frequency transfer performance metrics are very closed to the Rubidium frequency reference. Therefore, a better performance would be expected if a higher-stability reference was employed, such as a Hydrogen maser or photonic microwave divided down from a state-of-the-art cavitystabilized laser according to Ref.
[1], since the limit precision at such a high carrier-to-noise ratio shown in Fig. 4(d) is around 0.8 ps [27] .
Noise from the current-modulated diode lasers is another limit because of tiny carrier frequency shift, therefore amplitude fluctuation when modulating the driving current around operating point. Amplitude-to-phase conversion would degrade the resolved phase of the subcarrier for fine pseudo ranging. An electro-optical modulator could be inserted following the diode laser to achieve external phase modulation, instead of the driving-current modulation. In this scheme, coherent heterodyne detection is enabled to achieve higher-precision pseudo ranging [1, 18] .
For our system, the transfer could be recovered from active jamming by applying clock time difference measurement. However, beam alignment excursions resulted from environmental variation could break the transfer link irreversibly. Steering tip-tilt mirrors are essential for realtime compensation of mechanical creep due to environmental change [29] , which leads to the drastic fluctuation of carrier-to-noise ratio at the end of demo in Fig. 4(d) .
In addition, telescope terminal is also crucial when traversing range is scaled up to several kilometers, and even ground-to-satellite distance. In our demonstration, two commercialized free-space collimators were utilized as both input and output terminals. The insert losses were ~ 10 dB since the demo path length of 30 m was far beyond the nominal working distance (~6 m). We have designed a pair of telescope terminals with a larger diameter to expand the light beams for suppressing beam divergence, and as well to enlarge the receiving cross-section for high power-receiving efficiency.
Multi-link expandability should be highlighted, such that optical clock networks could be simply established and expanded by labeling unique PN code on individual modems. The capacity of access users is theoretically determined by the code size, and could be expanded by at least 20 fold according to the aforementioned bandwidth release. However, with increasing access users, the precision of pseudo ranging in each channel should be traded off because the noise-like FlexBOC signals in other links raise the noise floor of the local link. This phenomenon has been observed in our multi-link trial.
Conclusion
We have demonstrated a free-space O-TWTFT system using FlexBOC modulation compatible with microwave satellite transfer platform. At 30 m across an outdoor path during a 15-h period, our home-built system yields a time deviation of 2.3 ps at a gate time of 1 s, and averages down to 1.0 ps until ~60 s. The fractional frequency instability is 4.0×10 -12 at 1 s, and approaches to 2.6×10 -15 at 10000 s. As discussed above, this approach could totally transplant into the current microwave satellite time and frequency transfer equipment, and further reduces 95 % occupied bandwidth to expand access capacity with a comparative precision. Meanwhile, the improved design of the modem could flexibly accommodate the real operation situation of the employed satellite or other ground-based transponder. The method could be applicable to near-future ground-tosatellite/inter-satellite clock networks and outdoor timing services.
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